Cancer immunotherapy continues to make headway as a treatment for advanced stage tumors, revealing an urgent need to understand the fundamentals of anti-tumor immune responses. Noteworthy is a scarcity of data pertaining to the breadth and specificity of tumor-specific T cell responses in metastatic breast cancer. Autochthonous transgenic models of breast cancer display spontaneous metastasis in the FVB/NJ mouse strain, yet a lack of knowledge regarding tumor-bound MHC/peptide immune epitopes in this mouse model limits the characterization of tumor-specific T cell responses, and the mechanisms that regulate T cell responses in the metastatic setting. We recently generated the NetH2pan prediction tool for murine class I MHC ligands by building an FVB/NJ H-2q ligand database and combining it with public information from six other murine MHC alleles. Here, we deployed NetH2pan in combination with an advanced proteomics workflow to identify immunogenic T cell epitopes in the MMTV-PyMT transgenic model for metastatic breast cancer. Five unique MHC I/PyMT epitopes were identified. These tumor-specific epitopes were confirmed to be presented by the class I MHC of primary MMTV-PyMT tumors and their T cell immunogenicity was validated. Vaccination using a DNA construct encoding a truncated PyMT protein generated CD8 + T cell responses to these MHC class I/peptide complexes and prevented tumor development. In sum, we have established an MHCligand discovery pipeline in FVB/NJ mice, identified and tracked H-2D q /PyMT neoantigen-specific T cells, and developed a vaccine that prevents tumor development in this metastatic model of breast cancer.
Introduction
Breast cancer is the most common cancer in women, with a lifetime risk of 1 in 8. 1 Unfortunately, despite state-of-the-art treatment, 40,000 deaths are attributed to breast cancer every year in the U.S., largely due to metastatic recurrence and therapeutic resistance. Development of new targeted therapies is challenging because the 'drivers' of metastatic breast cancer and drug resistance are mostly unknown, and breast tumors are extremely heterogeneous. 2, 3 Therefore, alternative approaches designed to stimulate the immune system to selectively identify and eliminate tumor cells are gaining traction. Once activated, the immune system could theoretically recognize and kill tumor cells, independent from knowledge of the cancer drivers, through a process known as epitope spreading. 4 Harnessing the power of the host immune system has induced disease remission in patients with other cancer types where traditional chemotherapy drugs have failed. Similar vaccine strategies and immune checkpoint blockade therapies have been tested in breast cancer patients, but so far have shown limited efficacy. 4, 5 A greater understanding of the delicate interplay between the host immune system and tumors is required to optimize immunotherapy strategies for metastatic breast cancer.
Essential to the success of immunotherapy is the cognate interaction between a tumor cell's class I Major Histocompatibility Complex (MHC) and the recipient T cell receptor (TCR). The class I MHC serves to alarm surveilling CD8 + T cells by sampling intracellular pathogens/cancer neoantigens for display on the cell surface. If a unique TCR succeeds in its peptide:MHC recognition, it will trigger a series of epigenetic and transcriptional changes that convert the T cell to a cytotoxic T lymphocyte (CTL) with full capacity to eliminate the target cell. As such, TCR recognition of tumor-specific peptides represents a significant bottleneck in the functionality of current immunotherapies. In melanoma patients treated with checkpoint inhibitor therapy, only 40% respond. 6 One explanation for the failure of immunotherapy is that a large portion of non-responders intrinsically lack T cells specific to the peptides presented by the tumor. This is likely the case in breast cancer where tumors harbor low mutational burden, have decreased infiltration of T cells into the tumor, and patients in general see poor responses to immunotherapy. 7 Because of this, methods for augmenting antigen-specific CTL responses against metastatic breast cancer are needed.
For T cell studies such as these, representative models are required. The Mouse Mammary Tumor Virus-Polyoma Middle T (MMTV-PyMT) transgenic mouse (The Jackson Laboratory, stock # 002374) is a widely used model for metastatic breast cancer because tumors arise with high penetrance, exhibit clinically relevant histology, activate relevant oncogenic signaling pathways, and spontaneously metastasize to lungs (one of the most common sites of human breast cancer metastasis). 8 In addition to MMTV-PyMT, several other clinically relevant models of breast cancer are found on the FVB/NJ genetic background. [9] [10] [11] Unfortunately, studying tumor immunology in FVB mice is difficult due to lack of characterization of the MHC class I alleles in this H-2q haplotype strain. Backcrossing to the C57/BL6 background (The Jackson Laboratory, stock # 000664), which has well characterized MHC alleles, significantly reduces tumor penetrance and almost eliminates metastasis. 12 Therefore, the FVB/NJ strain is required. In order to enable the study of tumor immunity in this mouse model, we recently defined the MHC class I alleles of the FVB/NJ strain, characterized their peptide binding properties, and developed the NetH2pan prediction tool. 13 Here, we use these new tools to predict immunogenic epitopes in MMTV-PyMT mice with high fidelity. We then validate these tumor antigens via immune-proteomic analysis of primary tumors, test a DNA vaccine that successfully abolishes MMTV-PyMT tumor growth, and identify key populations of antigen-specific CD8 + T cells associated with anti-tumor immunity. This study provides an enhanced method for tracking tumor-specific T cells in a FVB mouse model of metastatic breast cancer.
Materials & methods
Cell lines, PyMT transfection, and production of soluble MHC for elution studies HeLa cells were purchased from the American Type Culture Collection (ATCC), and cultured according to ATCC protocol in DMEM-F12K (Wisent) with 10% fetal bovine serum (Serum Source International). Routine authentication of cultured cells was completed with sequence-based HLA-typing. All cells were maintained at 37°C in a 5% CO 2 incubator. Soluble MHC (sMHC) constructs were generated with a truncation at the junction of the trans-membrane and cytoplasmic domains with the addition of a VLDLr purification tag and cloned into pcDNA3.1(-).
14 HeLa cells were stably transfected with the sMHC by nucleofection (Lonza), followed by G418 drug selection and subcloning. sMHC-producing clones were identified using a capture ELISA with antiVLDLr as the capture antibody and an anti-β 2 -microglobulin (DAKO) as a detection antibody. To co-express PyMT, sMHC-producing clones were co-transfected with pcDNA3.1-Hygro-PyMT-FLAG, selected with hygromycin (Roche), and sub-cloned. PyMT protein expression was confirmed via flow cytometry with an anti-FLAG tag antibody (Biolegend, clone L5). PyMT and sMHC co-transfected cells were seeded into 48 roller bottles and sMHC-containing supernatant was collected within one week. sMHC was purified from the supernatant using affinity chromatography with an anti-VLDLr antibody on CNBr-activated Sepharose 4 Fast Flow Matrix (GE Healthcare). Complexes were eluted from the column in 0.2 N acetic acid and immediately processed for isolation of the peptide ligands.
H-2D q -PyMT peptides
Peptide ligands were eluted as described previously. 14, 15 Briefly, purified MHC was denatured with an acid boil and the peptides were separated from α-and β-chains by filtration using a Millipore 3-kDa molecular mass limit ultrafiltration membrane (Merck Millipore). Resultant peptides were separated into 39 fractions with off-line RP-HPLC with the mobile phase at pH 10. Peptide-containing fractions were analyzed individually with liquid chromatography mass spectrometry (LC-MS). Nano-scale liquid chromatography was performed with an Eksigent nano-LC-4000 with autosampler (Sciex). Fractions were combined with internal Retention Time (iRT) peptides (Biognosys), loaded on a C18 trap (350 μm [i.d.] × 0.5 mm long; ChromXP) and desalted before separation by gradient elution into a ChromXP C18 separation column (75 μm [i.d.] × 15 cm long). Column media consisted of 3-μm particles with 120-Å pores. The elution mobile phase consisted of two linear gradients using solvent A (98% water, 2% acetonitrile, 0.1% formic acid) and solvent B (95% acetonitrile, 5% water, 0.1% formic acid): 10-40% B for 70 min and then 40-80% for 10 min. Eluate was ionized with a NanoSpray III ion source (Sciex), and MS1 and MS2 fragments were obtained in Independent Data Acquisition (DDA) mode using a Sciex TripleTOF 5600 System, as described previously. 15 Peptide sequences were obtained from fragment spectra using PEAKS 8.0 (Bioinformatics Solutions) at a precursor ion tolerance of 50 ppm and a product ion tolerance of 0.05 Da. For the H-2q produced in HeLa cells, the UniProt database with Homo sapiens taxonomy, iRT peptides, and the PyMT protein were used as a reference library for fragments. In the case of the mouse tumor samples, the database search was the UniProt Mus musculus taxonomy proteome, internal Retention Time (iRT, Biognosys) peptides, and the PyMT protein. Variable post-translational modifications analyzed included acetylation, deamination, pyroglutamate formation, oxidation, sodium adducts, phosphorylation, and cysteinylation. The identified peptides were synthesized with >95% purity (Atlantic Peptides) and analyzed with the same LC/MS method. Synthetic and eluted peptides were matched based on retention times, precursor ion m/z, b/y fragment ions, and normalized (%) signal intensity in the software PeakView (Sciex).
Peptide identification from MMTV-PyMT tumors
Anti-H-2q hybridoma and antibody purification Anti-H-2q (28-14-8S and 34-1-2S, ATCC) hybridomas were grown in serum free media and purified with Protein G Sepharose 4 Fast Flow columns (GE Healthcare, Sweden). Immunoaffinity columns were generated by coupling the purified antibodies to CNBR-activated Sepharose 4 Fast Flow (GE Healthcare, Sweden). Column affinity for H2 was tested with soluble H-2D q (28-14-8S column) or soluble H-2K b (34-1-2S column) monomers, kindly provided by the NIH Tetramer Core (Emory University, Atlanta, GA).
Peptide extraction and 2-dimensional LC/MS identification MHC-peptide complexes were extracted from tumors based on a previously published protocol. 16 Whole tumors were flash frozen in liquid nitrogen, cryogenically milled (MM400, RETSCH), and suspended in lysis buffer containing octylphenoxy poly(ethyleneoxy)ethanol (IGEPAL) (Sigma) and cOmplete EDTA-free protease inhibitor cocktails (Roche). Lysates were rocked at 4ºC for 1 hour and clarified by ultracentrifugation at 100,000xg for 90 minutes. Filtered supernatant was passed twice over a protein A (Sigma) pre-column then sequential H-2D q and -K q columns. Columns were washed sequentially with buffers at pH 8.0: lysis buffer containing 5mM EDTA, 50mM Tris 150mM NaCl, 50mM Tris 450mM NaCl, and 50mM Tris in HPLC-grade water (JT Baker). After column washes, peptides were eluted in 0.2 N acid, resuspended to 10% acetic acid, and heated to 76ºC for 10ʹ. Peptides were collected in 1ʹ fractions and analyzed by LC/MS using DDA for de novo peptide identification in the manner described above. H-2q extraction was confirmed by tryptic digest and LC/MS analysis.
For high sensitivity PyMT peptide discovery of the H-2D q peptides, Data Independent Acquisition(DIA)/SWATH spectra were collected on the LC/MS. The SWATH method cycle consisted of 1 250msec MS1 scan (300-1500m/z) followed by 25, 120msec SWATH scans with windows of 20m/z, overlapping by 1m/z spanning the range of 350-850m/z, giving at total cycle time of 3.0 sec. A fragment spectra library generated with DDA spectra of synthetic PyMT peptides, eluted H-2D q ligands, and iRT peptides was built with Skyline 3.6 (MacCoss Lab Software) for peptide queries of SWATH spectra. 
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Animal husbandry
Female 5-8-week-old FVB/NJ (stock #1800) and MMTVPyMT mice (stock # 002374) were purchased from Jackson Laboratories. Animal husbandry was in accordance with institutional guidelines at the University of Utah, and all studies were approved by the University of Utah IACUC committee.
Vaccination and syngeneic tumor transplants
Six-to-eight-week-old female FVB/NJ mice (n = 10 per group for epitope mapping, n = 5 per group for tumor studies) were vaccinated with pVax1-PyMT (70ug) plus adjuvant pVax1-mGM-CSF (20ug). As controls, a molar equivalent of pVax1 empty vector (50ug) and pVax1-mGM-CSF (20ug) were administered. Plasmids were suspended in HBSS in 100uL of volume, and 50uL was administered via bilateral intramuscular injections. Primary vaccination and 2 boosters were each administered 2 weeks apart. For anti-tumor vaccine experiments, 250,000 MMTV-PyMT tumor cells were implanted into cleared mammary fat pads of PyMT or control vaccinated mice two weeks after the final vaccine booster. Tumors were measured weekly and size was calculated using length and width caliper measurements with an ellipsoid formula (Tumor volume = 1/2 (length × width 2 )). Mice were euthanized when tumors reached a maximum of 2 cm 3 . Whole blood was harvested by cardiac puncture of euthanized mice into 10:1 anticoagulant citrate dextrose solution and centrifuged for 5ʹ at 400xg. The plasma was isolated and frozen at −20ºC for antibody quantification. Splenocytes were collected by homogenizing between frosted glass slides (VWR) and passing through 100µm cell strainers (Corning). Red blood cells were lysed with tris-buffered ammonium chloride buffer pH 7.4 (Sigma) for 3 minutes, and splenocytes were then washed and resuspended in RPMI +10% FBS. CD8 + T cells were negatively sorted with magnetic beads conjugated with antibodies against CD4, CD11b, CD11c, CD19, CD45R (B220), CD49b (DX5), CD105, MHCclass II, Ter-119 and TCRγ/δ (Miltenyi Biotec). Sorted T cells were titrated back into CD8-negative flow-through sample for ELISPOT experiments.
PyMT protein purification
PyMT plasmids were a gift from Dr. Bryan Welm (University of Utah). The PyMT DNA was cloned using Gateway Cloning (ThermoFisher Scientific) technology into a pDEST-10 expression vector containing a poly-His tag. The protein was produced in E. Coli and affinity purified with a nickel column (ThermoFisher Scientific). Finally, PyMT protein purity was confirmed with Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis and Coomassie staining.
Anti-PyMT antibody ELISA
Ninety-six well plates (Cat#: L55XA, Meso Scale Discovery (MSD)) were coated with 20 ng/mL of PyMT protein overnight at 4ºC, then blocked the next day in 5% blocking buffer A at room temperature for 1 hour on a shaker. Plates were washed with Tris-buffered saline 0.05% Tween-20 (TBST) (Sigma) then incubated with Goat AntiMouse Sulfo Tag (Cat#: R32AC, MSD) combined with vaccinated mouse plasma (diluted 1:100). Following a 2 hour incubation, the plates were washed again with TBST and a reading buffer was added. Plates were read with the QuickPlex Instrument (MSD).
ELISPOT assays
Mouse IFNγ ELISPOT assays were performed using the Ready-SET-Go! kit (eBioscience) on Multiscreen HTSIP Filter Plates (EMD Millipore). Briefly, plates were coated with anti-IFNγ capture antibody overnight and then blocked for 2 hours at 37°C with RPMI in 20% FBS. Fifty thousand negatively sorted CD8 + T cells were combined with 150,000 CD8-cells (flow-through) from vaccinated mice. Cells were incubated at 37°C for 24 hours with 5ug/mL of pooled peptides or 10 ug/mL of a single peptide. Positive control wells stimulated with phorbol 12-myristate 13-acetate (PMA) (25ng/mL) and Ionomycin (500ug/mL) (Sigma) and negative control DMSO-only (Sigma) wells were included on each plate. After overnight stimulation, the wells were decanted and incubated with biotinylated anti-mouse IFNγ primary antibody for 2 hours at 37°C, followed by Streptavidin-HRP antibody for 45 minutes. Spots were developed using 3-Amino-9-ethylcarbazole chromogen (Sigma) and washed extensively with tap water. After drying, plates were imaged and counted with the ImmunoSpot Analyzer (CTL, Cleveland, OH).
Tetramer staining
PyMT peptides (MT 107-115 , MT 241-250 , MT 288-296 ) were folded into H-2D q tetramers with human β2m and conjugated to PE. Tetramers were kindly provided by the NIH Tetramer Core Facility (Emory University, Atlanta, GA). Splenocytes from PyMT-vaccinated mice or MMTV-PyMT tumor bearing mice were harvested as described above. One million cells were stained with fixable viability dye (eF780, eBiosciences) in PBS for 30 minutes at 4ºC. Cells were washed and incubated with tetramers (1:100 dilution) for 30ʹ at room temperature, then incubated for 30ʹ at 4ºC with the following antibodies (eBiosciences): anti-mouse Fc block, anti-CD8α (eF450, clone 53-6.7), CD3ε (FITC, clone 145-2C11), CD62L (APC, clone MEL-14), CD44 (PE-Cy7, clone IM7). Additionally, for compensation in the tetramer+ PE channel, anti-CD8α PE was used. Flow cytometry data was acquired with a 3-laser S1200Ex flow cytometer (Stratedigm). Each experiment included singlestained compensation controls and fluorescence-minus one (FMO) staining for the PE channel. Compensation and data analysis were conducted with FlowJo v10 (Tree Star, Inc.).
Results
Class I MHC peptide prediction identifies potential PyMT peptides
The Polyomavirus Middle T Antigen (PyMT or MT) drives tumor initiation and metastasis in the MMTV-PyMT tumor model. 8 Deriving from the murine Polyomavirus, the MT antigen is essential to tumor development during Polyomavirus infection. In this infectious setting, antigen-specific T cells that recognize the MT antigen promoted tumor resistance in vivo, identifying PyMT as an important immunogenic target that can activate T cells. 17 Antigen-specific T cell recognition of MMTV-PyMT tumors, more specifically the PyMT oncogene, has not been reported. This has, in large part, been due to poor characterization of the MHC H-2q haplotype, limiting the ability to study antigen-specific responses in the FVB/NJ strain on which the MMTV-PyMT mouse was developed and maintained. We recently characterized the FVB MHC class I molecules and generated a tool for predicting class I MHC epitopes. 13 Here, we used this tool (NetH2pan) to predict PyMT peptides presented by the FVB class I MHC (H-2D q ), and proceeded to validate these epitopes with complementary approaches in vitro and in vivo. Table 1 shows the top 25  predicted H-2D q PyMT epitopes sorted by % rank (a surrogate reading for binding affinity). As expected, these peptides contain a proline (P2) and a hydrophobic or aromatic anchor (P9) consistent with the H-2D q motif. Direct PyMT peptide elution from soluble H-2D q uncovers two PyMT-specific peptides To validate the PyMT predictions, we adopted an approach to directly elute PyMT-specific peptides using an in vitro sMHC transfection system. sMHC provides a powerful way to identify intracellular viral peptides and tumor neoantigens in vitro. 15, [18] [19] [20] [21] Previous data showed that sMHC-bound peptides correlated extremely well with cell surface-presented MHCI peptides, making sMHC a robust system for PyMT neoantigen discovery. 22 Engineered plasmids encoding the FVB/NJ sMHCI allele (H-2D q ) and FLAG-tagged PyMT were expressed in HeLa cells. Because murine MHCI α-chain binds human β-2-microglobulin more stably than murine β-2-microglobulin, a human cell line for murine sMHC production was chosen. 23 Single-cell clones of high producing HeLa-H-2D q -PyMT cells were identified by a sMHC ELISA of cell supernatant and fluorescently sorted for PyMT protein expression (Figure 1a,b) . Following expansion of the doubletransfected cells, sMHC:peptide complexes were immunoaffinity purified, and peptides were isolated using acetic acid and heat. LC/MS analysis of peptides identified 8,424 H-2D q peptides with characteristic peptide lengths and binding motifs (Figure 1c,d) . Most peptides were sampled 1-2 times from a single source protein (Figure 1e ). Source protein analysis of these peptides revealed that high-turnover proteins involved in metabolic and cellular processes were more highly favored for MHCI presentation (Supplemental Figure 1) .
Peptide extraction from soluble H-2D q yielded two PyMTderived peptides (MT 241-250 LPSLLSNPTY and MT 288-296 YPRTPPELL). The PyMT peptides were identified using de novo peptide discovery then searched against a Uniprot protein sequence database in PEAKS 8.0. Synthetic peptides matched the retention times and b/y ions of the eluted peptides, confirming that the solved PyMT peptide sequences were correct (Figure 1f ,g, Supplemental Table 1 ). Based on the peptide elution data (Figure 1e) , it was expected that only 1-2 peptides were chosen for presentation from each source protein, as was the case for PyMT. The PyMT peptides identified by sMHC elution ranked second and fourth in the NetH2pan prediction list and exhibited strong binding affinities (Table 1) . This finding agreed with our previous observation that NetH2pan successfully predicted presented peptides within the top 38 theoretical binders. 13 Importantly, the strongest predicted binder was not always presented by a cell since MHC class I peptide presentation is the culmination of proteosomal cleavage, peptide trimming, and trafficking to the cell surface. Variations at any point of peptide processing influences the peptides presented, emphasizing the importance of direct peptide elution from tissues for validation.
The identification of two putative MHCI PyMT peptides in vitro strongly indicated that these same PyMT peptides would also be present in complex with MHCI of MMTV-PyMT tumors in vivo. While many reports of MHCI downregulation exist, we previously conducted flow cytometric analysis of EPCAM+ MMTV-PyMT tumor cells and established comparable MHCI expression on tumors and naïve splenocytes. 13 Therefore, we proceeded to elute MHCI:peptide complexes directly from tumors for the identification of PyMT tumor antigens.
MHC class I molecules on MMTV-PyMT tumor cells present PyMT peptides
Pooled spontaneous MMTV-PyMT tumors provided sufficient tissue for class I MHC pull-down followed by peptide extraction and proteomic identification. Cryogenically-milled tumors were lysed, clarified by centrifugation, and peptide: MHC complexes were immunoaffinity purified with two anti-H-2q antibodies (Figure 2a) . Tryptic digest and MS/MS of the heavy chain-containing HPLC fractions confirmed successful purification of H-2D q (raw .wiff files available upon request). Peptides identified from the primary tumors by 2D-LC/MS yielded four PyMT-specific peptides MT 19-27, MT 107-115 MT 288-296 , and MT [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] (Figure 2b ). This included one of the peptides, MT 288-296, previously identified using the sMHC approach. The sequences of each PyMT-specific peptide were validated by matching the LC-retention time and MSfragmentation patterns to their corresponding synthetic peptides (Figure 2b, Supplemental Table 1) .
One PyMT peptide discovered on sMHC was not readily detected on tumors using the MHC pull-down:DDA proteomics approach (MT 241-250 ), prompting us to explore a more sensitive method for epitope discovery. We utilized a Data Independent Acquisition (DIA) method, known as SWATH (Figure 2a) . DIA or SWATH acquisition allows all precursors to be fragmented within preset retention time and mass-tocharge windows, eliminating bias for highly abundant peptides. 24 While this approach is sensitive, it requires the use of a fragment spectrum library built from DDA fragment spectra of reference peptides. Here, we generated a synthetic fragment spectra library of the top 25 predicted PyMT peptides for interrogation of SWATH data ( Table 1 ). The successful matching of a SWATH-acquired peptide to its library spectra is denoted in the "idot product" or "dot product", which results from comparing the MS1 isotopes (precursor The application of SWATH proteomic data acquisition identified an additional PyMT peptide (MT 241-250 ), along with MT 288-296 and MT 326-335, both of which had initially been identified using sMHC and tumor-eluted DDA data (Figure 2c) . Notably, MT 241-250 had a co-eluting isobaric peptide that caused ion suppression of this PyMT peptide, as evidenced by the saturated high-intensity MS1 peaks and the low intensity of the MS2 peaks (Figure 2c ). Based on this observation, identification of MT 241-250 using DDA would have proven challenging due to the presence of this additional peptide. With SWATH, MT 241-250 could indeed be detected on the tumor surface. Although we focused on PyMT peptide identification, the SWATH dataset is available and can be revisited once new peptides of interest arise. 24 In total, the methods of targeted neoantigen discovery shown here provide five potential T cell targets of PyMT. [19] [20] [21] [22] [23] [24] [25] [26] [27] , MT 107-115 , MT 241-250 and MT 280-296 ) are confirmed using a PyMT DNA vaccine Predictive algorithms and direct peptide discovery can provide many targets of interest, but the ability for a TCR to recognize a peptide on the MHC and become activated remains the primary bottleneck of neoantigen discovery. The unique ability of an individual's T cells to perceive an MHCI peptide as foreign and mount a subsequent CTL response is subject to rigorous selection within the developing thymus and varies between even inbred mice. As such, validation of epitopes requires screening using vaccines or immunotherapy in vivo. We opted to generate antigen-specific T cells by vaccinating mice with a truncated PyMT DNA sequence followed by immunogenicity testing of the eluted PyMT peptides. Limiting the PyMT DNA sequence to the cytoplasmic domain minimized the theoretical risk of oncogenic transformation with full-length PyMT DNA introduction. Several iterations of vaccines and adjuvants were evaluated for their ability to generate a T cell response and inhibit tumor growth. Based on our preliminary experiments, we chose a plasmid DNA vaccine encoding PyMT and a separate plasmid encoding granulocyte-monocyte-colony stimulating factor (GM-CSF) as an adjuvant. GM-CSF is known to promote type 1 helper T cells (T H 1) responses and is currently utilized as an adjuvant in HER2 breast vaccines. 5 Transient transfection of the vaccine plasmids into mammalian 293T cells confirmed PyMT protein expression and GM-CSF production and secretion (Figure 3a) . Plasmid vaccination of mice was performed, and splenocytes were collected two weeks after the final booster ( Figure 3b) .
T cells specific for PyMT peptides (MT
As a complementary method to identify any immunogenic regions of the PyMT protein omitted by NetH2pan or elution approaches, we synthesized overlapping 15mers that spanned the entire length of the PyMT protein (Figure 3c , Supplemental Data). Epitope mapping with pools of ten peptides allowed rapid screening for immunogenic regions of PyMT. Anti-IFNγ ELISPOT cultures were enriched for CD8 + T cells by negative magnetic sorting, and re-combined with CD8-negative flow through splenocytes. Overlapping 15mers contained the entire PyMT protein sequence within discrete pools. In the first round of testing, splenocytes were re-stimulated ex vivo with pools of PyMT 15mers, revealing T cell responses to four pools (Figure 3d ). The degree of response in each pool correlated to that obtained with the synthetic minimal epitopes (Figure 3e, Supplemental Figure 2 ) confirming that direct peptide elution from sMHC and tumors accurately identified PyMT-specific T cell epitopes. Surprisingly, although MT 326-335 was eluted from tumors, it failed to elicit a positive ELISPOT response with overlapping 15mers or the minimal epitope. Thus, the minimal epitopes shown only include the first four PyMT peptides. Compared to the other PyMT peptides, MT 107-115 induced a higher quantity response, evidenced in the greater number of spot-producing T cells and total responders per group (Figure 3e) . A cumulative list of PyMT peptides and the method(s) used for their identification are listed in Table 2 . 
DNA vaccination with PyMT and GM-CSF prevents tumor growth
The complementary approaches to discover immunogenic PyMT peptides using sMHC, overlapping 15mer peptide pools, and direct elution from tumors converged upon five putative antigenic epitopes for MMTV-PyMT tumors. We hypothesized that PyMT vaccination would prime the host immune system to relevant immunogenic epitopes on MMTV-PyMT tumors and induce tumor rejection when challenged in vivo, validating PyMT-specific T cell responses. To test this, PyMT DNA was used in a clinically relevant setting as an anti-tumor vaccine. Mice received intramuscular vaccines and boosters, then underwent implantation of syngeneic MMTV-PyMT tumor cells into the mammary fat pad (Figure 4a ). DNA vaccination prevented tumor growth only in the PyMT + GM-CSF vaccinated group (Figure 4b,c) . Humoral IgG responses were assessed using an anti-PyMT antibody ELISA with a commercial mouse anti-PyMT antibody as a standard curve. Despite marked protection from tumor growth, the IgG responses against PyMT following DNA vaccination did not increase significantly from baseline ( Figure 4d ). These data show that vaccination effectively protected animals from PyMT-induced mammary tumorigenesis, despite the inability of a DNA vaccine to induce elevated antibody responses in this model. Importantly, the lack of a PyMT-specific antibody response does not preclude humoral involvement in anti-tumor immunity. However, given the immunogenicity of PyMT Class I peptides,we posit that vaccine-based protection from tumors in this model is through cellular immunity.
PyMT DNA vaccine produces antigen-specific T cells Approximately two weeks after the antigenic stimulus, activated effector CTL populations will have undergone retraction. We next asked whether the tetramer-positive T cells at this timepoint would exhibit general markers of effector or memory T cells. T cell phenotypes can be interrogated by staining for surface markers CD44 and CD62L, particularly effector memory T cells (T EM CD62L low CD44 hi ) and central memory T cells (T CM CD62L hi CD44 hi ). CD44 is an adhesion molecule that is upregulated upon activation. CD62L, L-selectin, is shed from T cells after activation, a process that enables T cell trafficking away from central lymphoid organs to the periphery. The combination of CD62L low CD44 hi can also mark a shift from naïve T cells to acute effector T cells. CD8 + T cells from vaccinated mice were stained with these markers and compared with CD8 + T cells from naïve and tumor-bearing mice ( Figure  5c,d) . PyMT DNA vaccination and elevated tumor burdens favored a shift to CD62L low CD44 hi cells (~10%) when compared with naïve unvaccinated mice. The tetramer-positive cells were enriched in the CD62L low CD44 hi quadrant, with 60% of the cells exhibiting this phenotype. While further subset characterization of the antigen-specific T cells is necessary, the presence of these cell types is a promising start to identifying relevant T cell subsets and their role in tumor cell immunoediting during the elimination stage of cancer. Together, these data illustrate that PyMT DNA vaccination generated antigen-specific CD8 + T cells, prevented PyMT tumor growth, and enriched for activated, non-naïve memory T cells. These data also illustrate that our pipeline for tumor antigen discovery in a metastatic breast cancer model in FVB mice identified bona fide immunogenic targets in vivo. 
Approach
MT19-27 LPRQLWGDF
MT107-115 MPLTCLVNV
MT241-250 LPSLLSNPTY
MT288-296 YPRTPPELL
MT326-335 LPGEQVPQLI
Utility of PyMT epitopes extends to metastatic and therapeutic settings
Of paramount importance is the generalizability of PyMT-specific responses to settings beyond proof-of-concept prophylactic DNA vaccination. Prophylactic PyMT vaccination provided unambiguous identification of immunogenic peptides, but vaccination prior to tumor inception fails to encompass the complexity of immune tolerance that occurs during tumor growth. For these reasons, we deployed our PyMT-specific tools to settings where the host immune response has been potentially attenuated by the presence of primary PyMT tumors or metastases. First, we applied the PyMT DNA vaccination as monotherapy for tumor elimination after autologous transplant of tumor cells (Supplemental Figure 4A) . Two rounds of therapeutic DNA vaccination were completed, but the tumors grew too rapidly for completion of a final vaccine booster (Supplemental Figure 4B-C) . We found no difference in primary tumor growth between vaccinated and control groups (Supplemental Figure 4B-C) . Furthermore, we found that PyMT-specific responses were undetectable in both syngeneic transplant settings and MMTV-PyMT transgenic settings ( Figure 5, Supplemental Figure 4D ). These data show that responses to validated immunodominant peptides become ineffective in the presence of established tumors, consistent with the well known phenomenon of suppressed tumor-specific immune responses in the established tumor setting. These negative findings, while disappointing, are consistent with previous cancer vaccine trials in breast cancer patients. Therapeutic vaccination alone for breast cancer immunotherapy has traditionally been met with mixed results, and most clinical trials are currently targetting multiple tumor-associated antigens or neoantigens in combination with other adjuvant chemotherapies. 25 In this experimental model, the detection of T cell responses in the MMTV-PyMT transgenic mice, where T cells have been educated during development, would require significant immune stimuli to overcome tolerance to self. Therefore, we adopted a different form of immunotherapy to assess PyMT-specific T cell responses in the established tumor setting.
We employed intratumoral injection of N-dihydrogalactochitosan (GC), a novel water-soluble polysaccharide immunoadjuvant, as a method of augmenting immune responses against PyMT-tumor antigens. GC, especially in combination with photothermal therapy or ultrasound ablation, has been shown to stimulate broad host immune responses, likely to multiple tumor antigens, and eliminate epithelial-to-mesenchymal transition and other pro-invasive properties of breast cancer cells. 26, 27 Here, intratumoral GC provided a method of promoting multiple immune responses against tumor-associated antigens and neoantigens. MMTV-PyMT tumors were injected with GC or control solution and subsequently allowed to grow until an ethical endpoint. GC-treated tumors exhibited delayed tumor growth, prolonged survival, and splenocytes from these mice displayed positive ELISPOT responses to PyMT-peptides (Supplemental Figure 5A -E). Other non-PyMT tumor-associated antigens were also tested in this setting, but failed to elicit any immunogenicity (Supplemental File 4, Supplemental Figure 5E ). 13 As a final validation of PyMT-specific responses in the MMTV-PyMT mouse model, we evaluated PyMT tetramer staining in metastatic settings. Given that PyMT protein is the main oncogenic driver and is expressed within metastatic lesions, we expected conservation of its antigen presentation on metastases. We conducted tail-vein injections to seed tumor cells in a metastatic niche and subsequently conducted flow cytometric analysis of T cells in the spleen (Supplemental Figure 6A) . Much like the previous data, PyMT-specific T cells were undetectable in tumor settings without another form of immunotherapy (Supplemental Figure 6B ) and depletion of CD4 T cells greatly enhanced detection of antigenspecific CTLs using tetramers (Supplemental Figure 6A-B) . These antigen-specific T cells also exhibited T EM -like (CD62L low CD44 hi ) staining, consistent with populations detected following prophylactic PyMT DNA vaccination (Supplemental Figure 6C) . Together, these findings demonstrate the utility of PyMT-specific tools for tracking T cell responses in the setting of established primary tumors and lung metastases, particularly in the presence of immune-activating therapies.
Discussion
We present a comprehensive approach to identifying T cell tumor antigen targets presented by class I MHC on tumors in FVB/NJ mice. The antigen of interest here is the PyMT protein as it is the driver oncogene responsible for tumorigenesis in the MMTV-PyMT metastatic breast cancer model. Direct peptide elution from sMHC and from cell-surface MHC of primary tumors identified five candidate PyMT neoantigen peptides. In the setting of DNA vaccination, epitope immunogenicity for four of the five tumor antigen peptides was confirmed using overlapping 15mers and synthetic minimal epitopes. Notably, the immunogenicity of these PyMT peptides differed among the mice receiving the vaccination. Despite being tested on congenic strains with identical genetic backgrounds, certain epitopes promoted T-cell responses in 20% of the recipients, while other epitopes generated responses in 40% of the mice. We have empirically observed similar variability to vaccination in both human and murine cohorts. Because of this, only the three most immunogenic PyMT peptides were chosen for tetramer synthesis and flow cytometric analysis. These immunogenic PyMT neoepitopes were accurately predicted by NetH2pan (rank order #2, 3, 4, 16, and 24), the online prediction tool trained for murine class I MHC peptide prediction. This demonstrates that not only does NetH2pan predict likely candidates for class I MHC presentation, but it also predicts likely targets for T cell recognition, a difficult hurdle to overcome for MHCI prediction algorithms. These data provide the first targeted proteomics approach to tumor-specific antigen identification from MMTV-PyMT tumors.
The work presented here provides a discovery tool that synergizes with in silico genomic approaches for neoantigen discovery. Recently, personalized cancer vaccine therapies have set a precedence for interrogation of whole genome sequencing (WGS) or whole exome sequencing (WES) data for the discovery of single-nucleotide variants (SNVs) in tumors. 15 These approaches involve aligning sequencing data from tumors alongside that of healthy tissues, identifying SNVs unique to the tumor, interrogating these SNVs using HLA-binding prediction tools, and ultimately testing their immunogenicity with peptide vaccination and/or tetramer staining. 28, 29 Data generated from genomic sequencing ultimately converges upon HLA-peptide prediction tools, most of which are only validated for a handful of well-studied HLA-haplotypes. 15, 30 Such prediction tools can result in false-positive peptide predictions, requiring screening and proteomic confirmation of expression. In one study, of 962 identified mutations from WGS data, only 5% of SNVs emerged as likely candidates for peptide presentation, with one-third of these peptides actually generating an immune response. 31 Therefore, in vivo validation of improved multi-epitope MHCI prediction tools such as NetH2pan provides a gateway for expanding Next-Generation-Sequencing (NGS)-neoantigen discovery to other murine models of cancer.
Traditionally, antigen-specific T cell responses have been difficult to study in breast cancer because the antigens are poorly characterized in available mouse models with high penetrance of breast cancer (FVB/NJ strain). Tumors are highly heterogeneous and considerable variation is present among different cells within a tumor. 32 Furthermore, peptides presented by a tumor's class I MHC undergo immunoediting as the tumor progresses, potentially downregulating the presentation of certain antigens. 33, 34 Therefore, a successful cancer vaccine must target driver mutations and essential oncogenes whose functions are crucial to tumor survival. The lack of tetramer staining in the tumor-bearing mice illustrated that the presence of a tumor is not sufficient to generate detectable antigen-specific T cells despite expression of PyMT peptides on cell-surface MHC. The requirement of a tumor-antigen vaccine was necessary to help educate CTLs against the tumor. In this way, the PyMT oncogene was an ideal candidate for such a proof-of-principle anti-tumor vaccination. The presence of four tumor-specific driver epitopes should facilitate antigenspecific tracking even if several of the epitopes are downregulated during tumorigenesis. Furthermore, residues NPTY of PyMT, contained C-terminally in the peptide LPSLLSNPTY, are required for association to Shc1, a chaperone important for Ras-MAPK signal transduction pathways in cell cycle progression and cell division. 35 Since this PyMT peptide localized to a region required for cell transformation and cannot be eliminated, this peptide will serve as an excellent target for T cell recognition.
To date, only one H-2D q tetramer has been reported and this is in the MMTV-Neu/FVB mouse. 36, 37 While NetH2pan prediction of H-2D q peptides facilitated additional tumor neoantigen discovery in the MMTV-Neu model, several caveats are present in these primary mammary tumors. MMTV-Neu tumors take roughly 205 days to arise and require longer for metastatic disease, whereas MMTV-PyMT tumors are highly penetrant, exhibit metastasis, and are a ubiquitous clinical model for breast cancer. 9, 38 Therefore the development of tetramers for the MMTV-PyMT mouse provide invaluable tools for breast cancer research. Understandably, artifacts may arise since PyMT is a viral oncogene rather than a highly expressed self protein as in the case of MMTV-Neu or MMTV-Myc models. Still, an unambiguous tumor-specific antigen was required for preliminary studies and NetH2pan validation. Similarly, foreign antigens such as chicken ovalbumin or LCMV-NP or GP peptides are commonly employed as a means for T cell tracking, and we anticipate PyMT peptides to become as commonplace for those conducting immunology research in breast cancer. [39] [40] [41] A major caveat of this study is that the MMTV-PyMT spontaneous breast cancer model remains, at its best, a murine model of breast cancer. The MMTV-PyMT tumor model is an excellent model of spontaneous tumor development and specifically mirrors human luminal B breast cancer. 8, 42, 43 PyMT tumors reflect the cellular heterogeneity and histological stages of human luminal B breast cancer. 43, 44 Additionally, these tumors grow in an immune competent mouse and spontaneously metastasize to the lungs. Each of these important characteristics make the MMTVPyMT mouse model a very useful tool for evaluating the stochastic dialogue between tumors and their microenvironment. Still, several limitations are present in this model compared to human disease. Although the PyMT antigen activates signaling pathways that are well known drivers in breast cancer, such as PI3K and MAPK pathways, PyMT itself is not present in the human disease. 45, 46 Another limitation of PyMT tumors is that they do not display the diverse breast cancer subtypes that, for example, can be captured by patient-derived xenograft models or primary human breast cancer tissue. Furthermore, the complexity of host MHC diversity is also minimal as PyMT tumors arise from inbred murine strains with identical MHC haplotypes. With these caveats in mind, we have previously shown that human breast cancers exhibit high levels of antigen presentation and that the methods used here for identification of PyMT epitopes can also be used to identify targets for human breast cancer. 21, 47 Therefore, the neoantigen approach described here is relevant to human breast cancer and extremely useful for studying one of the most commonly used murine models of the disease.
The central tenets of cancer immunoediting: elimination, equilibrium, and escape, have remained integral to the dogma of cancer immunotherapy development. 33 As immunotherapy innovations occur, the evaluation of early stages of cancer immunoediting or metastatic burden poses particular challenges. Technological limitations succumb to small tumor sizes and sub-detectable T cell responses; yet these early stages of cancer immunoediting and metastatic cell seeding are where the therapeutic window of success may be the widest. Because of this, more sensitive tools for evaluating the immune response are crucial as cancer immunotherapy is now moving from end-stage, "hail-mary" treatments to precision-based, prophylactic ones. Provided here is a method that allows cancer biologists to study the early stages of antitumor immunity in a cancer that is particularly resilient to immunotherapy. We presented a method to generate and track antigen-specific T cells against a driver oncogene that is theoretically present from the very inception of the tumor.
DNA vaccination successfully prevented MMTV-PyMT tumor development in FVB/NJ mice, completely abrogating tumor growth. This effective vaccine response to newly identified PyMT tumor antigens represents a considerable milestone in the MMTV-PyMT/FVB metastatic model of breast cancer, allowing the integration of a suite of immunologic tools to identify key neoantigen targets. These tools can be leveraged to address a cluster of key issues: the phenotype of CD8 + T cells that confer protection, their status as T CM /T EM / T RM , the immunodominance hierarchy of PyMT neoepitopes, the number of CD8 + T cells that must be adoptively transferred to eliminate tumors, how these T cells become exhausted or tolerant to the tumor, the role of CTLs in metastasis, and other poorly defined factors. For example, our preliminary tetramer staining and flow cytometry analysis suggest that antigen-specific T cells exhibit a T EM phenotype (CD62L  low CD44 hi ), a finding that coincides with the observation that T EM cells confer anti-tumor immunity. 48, 49 Additionally, the stochastic toggling of T CM to T EM to T RM in the setting of tumor immunity can be studied. One can also envision the use of additional cell surface markers and highthroughput single cell RNA-sequencing to characterize how PyMT-restricted T cell subsets confer protection from primary tumors and metastases. Armed with these tools in a spontaneous, metastatic cancer model, cancer biologists will be finally able to identify which particular T cells, be they tissue-resident, central or peripheral, memory or effector, are responsible for sustained elimination of tumor cells.
